The self-assembled microstructures of amphiphilic block copolymers depend on the selectivity of solvents for each block. By changing the selectivity of solvents, defined in terms of the repulsive interactions between the solvent and the hydrophilic/hydrophobic particles, an extensive simulation study on the spontaneous formation of complex micelles from amphiphilic triblock copolymers in a dilute solution is presented. The dynamic pathways in the formation of these assemblies have been investigated using a particle-based dissipative particle dynamics approach. In addition, the potential mechanism behind the formation of these microstructures has also been studied, which may be helpful in explaining how these aggregates are formed and in understanding the general principle of amphiphilic molecules.
I. INTRODUCTION
Amphiphilic block copolymers, which contain hydrophilic and hydrophobic groups, can be synthesized with various structures of the block type. In a selective solvent of one of the blocks, they can self-assemble into a wide variety of morphologies, such as spherical or cylindrical micelles, bilayers, vesicles, and nanotubes, making them a subject of great interest for experiments, theories, and computer simulations. 1, 2 In the past decade, the self-assembly behaviors and aggregate structures of amphiphilic block copolymers have attracted considerable attention in experimental studies. [3] [4] [5] [6] [7] [8] [9] [10] The experimental results tend to confirm that the micellization of amphiphilic molecules is determined not only by the amphiphilic nature of the molecules but also by selective solvents. It has been demonstrated that not only the aggregation morphologies can be controlled by solvent properties, but the aggregate size is controllable as well by changing the relative ratio of different solvents. [11] [12] [13] [14] Therefore, by taking advantage of the design flexibility of block copolymer/solvent systems, one can produce assembled structures in a controlled manner.
Besides these extensive experimental investigations, simulation and theoretical studies on the self-assembly of amphiphilic block copolymers in selective solvents have also been performed by a few groups. [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] The simplest and most typical block copolymers are AB diblock copolymers and their morphologies have been studied for decades. Studies on linear diblock copolymers have made much progress as the topology is relatively simple. Linear triblock copolymers and nonlinear block copolymers with unique architectures have attracted less attention, especially in terms of computer simulation. The existed few simulation studies on the selfassembly of ABA linear triblock copolymers in selective solvents are mostly based on traditional Monte Carlo technique, 21, 22 the self-consistent field theory method [23] [24] [25] [26] and the dynamic density functional theory. 27 Among these complex self-assembled microstructures from amphiphilic linear triblock copolymers, vesicles and toroidal micelles formed from amphiphilic block copolymers have received increasing attention, due to their great potential applications in many fields, including drug delivery, microreactors, nanotechnology, and so on. Therefore, it is valuable and highly expected to investigate the pathways for spontaneous micelles formation of amphiphilic triblock copolymers in selective solvents; however, corresponding simulation studies are scarce. Only a few studies have been done to investigate the formation mechanism of these complex micelles. For instance, the kinetics of vesicle formation of ABA amphiphilic triblock copolymers from an initially homogeneous state was theoretically and experimentally investigated by Han et al. 22 It has been recognized on that the formation of a threefold "Y-like" junction can be inferred from the interconnection of a cylinder with an end cap or fusion of three enlarged end caps. 15, 16, 28 Some possible pathways for the dynamic process of vesicle formation have been described in the literature: bending of membranes, [29] [30] [31] [32] [33] fusion of micelles with the rearrangement of amphiphilic molecules, [34] [35] [36] and fusion of vesicles. 34, 37 For the formation of toroidal micelles, theoretical studies and experimental observations have suggested that this process can proceed via either a conventional micelle coalescence pathway [38] [39] [40] [41] [42] or a growth pathway. 41, 43, 44 Despite recent progress on the different pathways for amphiphilic block copolymer micelles in dilute solutions, 22, 29, 31, 35, 44, 45 the route by which amphiphilic molecules in a selective solution self-assemble into various mia͒ These authors contributed equally to this work. b͒ celles, as well as the dynamic properties of amphiphilic block copolymers in solution, is still not fully understood. With the purpose of developing skills to control these microstructures in sizes and shapes, a more fundamental study on the self-assembled microstructures of amphiphilic molecules depending on the selectivity of solvents and a detailed understanding on the formation of these aggregates under different conditions are still very challenging tasks.
In this paper, we present an extensive simulation study on the spontaneous formation of complex micelles from amphiphilic triblock copolymers in a dilute solution by varying the values of hydrophilic and hydrophobic interactions. As an alternative, we employ the dissipative particle dynamics ͑DPD͒ method, which is a continuum simulation technique in three dimensions and correctly represents hydrodynamic interactions. 46 The simulations allow us to investigate the formation processes of these assemblies in detail.
II. MODEL AND METHOD
We study the self-assembly of amphiphilic triblock copolymers with the help of the DPD simulation technique. DPD is a relatively new mesoscopic method that describes clusters of molecules moving together in a Lagrangian fashion subject to soft quadratic potentials. For completeness, the model and method are briefly reviewed below, whereas details on the DPD method are available elsewhere. 47, 48 As a particle-based mesoscopic method, DPD considers N particles, and the interparticle force exerted on particles i is given by
where a ij is the repulsion strength and k s and r s are the spring constant and equilibrium bond length between two consecutive particles, respectively. Within the mesoscopic approach, an amphiphilic molecule in our study is represented by a coarse-grained model with hydrophilic and hydrophobic blocks. For the sake of simplicity, an amphiphilic A 1 B 8 A 1 triblock copolymer molecule is modeled, in which the A particle is supposed to be hydrophilic and the B particle, hydrophobic. The A and B particles are also referred to as soluble and insoluble blocks, respectively. To simulate amphiphilic molecules in a dilute solution, the solvent is included explicitly in the simulation, and it is modeled as a single particle ͑denoted by S͒; however, for clarity, they are not shown in the following figures. Moreover, the density of the hydrophobic particles is measured, allowing us to investigate the formation process in detail. In the rich domains of hydrophobic particles, the density is high, whereas in the rich domains of hydrophilic/ solvent particles, it is low ͑or reduced to zero͒.
The total number of particles used in the simulation is 192 000 at a particle density of 3 in a box of size 40ϫ 40 ϫ 40 with periodic boundary conditions. The total number of constituent particles of amphiphilic molecules is set at 9600; therefore, the concentration of amphiphile is 5.0 vol %. The repulsion parameter related to the interaction between two like particles is set at a ii = 25.0. The value of the parameter between two particles, one of which is hydrophilic and the other hydrophobic, is a AB = 50.0, which implies that the A and B components are incompatible. After these parameters are selected, the microstructure of the A 1 B 8 A 1 triblock copolymer should be solely determined by the selectivity of solvents ͑i.e., the interactions between the solvent and the A/B particles͒. To model the amphiphilic nature of triblock copolymers, the repulsion parameter between the hydrophilic ͑A͒ and solvent ͑S͒ particles is made smaller than the repulsion parameter between two like particles. Likewise, the parameter related to the interaction between the hydrophobic ͑B͒ and solvent ͑S͒ particles is made larger than the repulsion parameter between two similar particles, which ensures that the hydrophobic block of amphiphile is sufficiently shielded from the solvents.
Regarding the elastic contribution to the interaction energy, the spring constant is given by k s = 10.0 and the equilibrium bond length r s = 0.86. The simulations are performed using a modified version of the DPD code named MYDPD. 49 The DPD friction parameter ␥ is set to 4.5 in our study. Time integration of motion equations is calculated by a modified version of velocity-Verlet algorithm with = 0.65 and time step ⌬t = 0.04.
III. RESULTS AND DISCUSSION
In this section, we present the results from simulations of several A 1 B 8 A 1 amphiphilic triblock copolymer systems. By changing the repulsive parameters a AS and a BS , these amphiphilic triblock copolymers can self-assemble into complex microstructures. To illustrate the effects of the selectivity of a solvent for amphiphilic molecules on microstructure formation, we systematically vary these two repulsive parameters and examine the modulated microstructures for a series of systems. Figure 1 presents a corresponding diagram of morphologies obtained from an amphiphilic triblock copolymer in selective solvents as a function of a AS and a BS . In theory, the functional dependence of the Flory-Huggins parameter on the repulsion parameter a ij places our simulated results in the proper context. The relationship between a ij and has been established by Groot and Warren. 47 Maiti and McGrother also presented a procedure to coarse-grain a complex fluid from its underlying chemistry. 50 However, in this paper, we do not try to relate our results to any particular amphiphilic triblock copolymer solutions. Instead, we focus on the qualitative phase diagram due to the solvent selectivity. Actually, in previous studies, the self-assembly behaviors and microphase separation of block copolymers have been successfully investigated using the particle-based DPD simulations, 30,51-57 most of which focus on the qualitative phase diagram and the physical specialty due to the differences in DPD repulsive parameters.
It is generally believed that three factors, core-chain stretching entropy, the interfacial energy, and repulsion among intercoronal chains, determine the equilibrium size and shape of micelles. 58, 59 Changing the selectivity of solvent disturbs the force balance governing the size and shape of micelles, which can lead to the transformation from one morphology to another. The combined contribution from all the interactions balanced the contact area between hydrophilic and hydrophobic blocks and defined the local interfacial curvature. The dominating effect of improving the selectivity of solvent by increasing the values of a BS and/or decreasing the values of a AS is the shrinkage of hydrophobic blocks and expansion of hydrophilic corona, which results in micelle structures with increased interfacial curvature. Therefore, varying the solvent content provides an effective way to control morphologies in our amphiphilic system.
The formation of these morphologies can be understood in term of shape factor
where a 0 is the surface area occupied by hydrophilic blocks, and hc and l hc are the volume and projected length of aggregated hydrophobic blocks, respectively. For spherical micelles, we have the expectation that 0 Ͻ P Յ Since the projected length of hydrophobic block l hc in the shape factor, determined by molecular structure, is nearly a constant in our system, two other parameters, hc and a 0 , are very important in determining the final assembled microstructures. We suppose that the surface area covered by a single hydrophilic block is determined by its conformation, that is, a flexible block in a good solvent can cover a large area. We consider the perpendicular line corresponding to a AS = 0.5 on the morphology diagram, a case for most hydrophilic short blocks. On this line, the hydrophilicity of short block copolymers remains unchanged, that is, the parameter a 0 for the system can be considered as constant. Thus, the geometrical shape of microstructures assembled by these triblock copolymers should be solely determined by the volume of aggregated hydrophobic blocks, hc . In fact, increase in a BS results in a strengthened association of the hydrophobic blocks. As the repulsive parameter a BS is increased from 25.0, the solvent becomes insoluble for hydrophobic blocks, the hydrophobic segments begin to pack more densely and form micelle cores in order to minimize contact with the solvent, and the hc is increased, resulting in the aggregation morphology changes from spherical micelles to cylindrical micelles ͑Y-like junctions and toroidal micelle are kinds of cylindrical micelles͒ and then to bilayers.
Next, we consider the case on the horizontal line at a BS = 80.0 on the morphology diagram. It is hypothesized that the volume of aggregated hydrophobic blocks is fixed on this line; the morphologies depend only on the parameter of surface area a 0 . Decrease in a AS should force the hydrophilic A blocks in the corona to take an extended conformation and, consequently, form a larger interfacial curvature toward the hydrophobic blocks, which would cause expansion of hydrophilic blocks in the corona, i.e., increase the surface area a 0 . The hydrophilic corona swelled more and more with a continued decrease of a AS , which leads to the transformation of geometry structure from vesicles to cylindrical micelles.
A direct observation of the dynamic process for the formation of complex microstructures is important for understanding their formation mechanism. However, this process proceeds too quickly to be captured via present experimental measurements. Hence, the simulation provides a good opportunity to understand this process. In our previous simulations, we observed some microstructures of complex morphology having toroidal micelles from amphiphilic triblock copolymers in dilute solutions. 40 We also found that the dynamic process of these toroidal micelle formation is in agreement with the phenomenological description of aggregation by Pochan et al. 39 This process first starts with the formation of small spherical and cylindrical micelles, followed by the aggregation of these small micelles which gives rise to Y-like junctions, until toroidal micelles are finally formed. As discussed above, the Y-like junction can be stable at a low a BS . In this case, the amphiphilic molecules still initially rapidly aggregate into spherical micelles, these then coalesce to small Y-like junctions over nucleation. However, the junction does not transform to the toroidal structure, but simply grow its body by attracting neighboring small spherical and cylindrical micelles from the solution at a later time. This process leads to the final Y-like junction structure. The simulated snapshots of this process are shown in Fig. 2 . A video clip ͑S1͒ is also included as supplementary material. 61 The Y-like structure formation may be influenced by prominent kinetic barriers. At a lower a BS , there is not enough force with which to push the middle cylindrical structure with end caps to form toroids; instead, they are trapped at the junction state. In contrast with this result, in some examined self-assembly events, once this small Y-like junction does not appear, we find that the micelles can also adopt straight cylindrical conformations.
The pathway may provide a possible route to the forma- tion of Y-like junctions and toroidal micelle structures. The Y-like structure formation may be influenced by prominent kinetic barriers. At a lower a BS , there is not enough force with which to push the middle cylindrical structure with end caps to form toroids; instead, they are trapped at the junction state. In contrast with this result, in some examined selfassembly events, once this small and metastable Y-like junction does not appear, we find that the micelles can also adopt straight cylindrical conformations. Some possible pathways have been proposed for the dynamic process of vesicle formation. Membrane bending to form a closed surface, aggregation of micelles with rearrangement of the amphiphilic molecules, and fusion of small vesicles. It is indicated that a vesicle structure will be formed with a AS = 25.0 and a BS = 50.0. In Fig. 3 , together with the video clip S2 as supplementary material, 61 a typical dynamic formation process of a vesicle is provided. It reveals that the amphiphiles initially rapidly aggregate into spherical micelles ͓Fig. 3͑a͔͒. Then the spherical micelles are subsequently attracted and are merged into the neighboring ones to form oblate micelles ͓Fig. 3͑b͔͒. Subsequently, the oblate micelles fluctuate and encapsulate solvent particles and form small vesicles ͓Fig. 3͑c͔͒. In the next stage, the small vesicles still grow, as we observe in the dynamic evolution of the larger cluster. The neighboring spherical micelles merge into the body of the vesicles. The simultaneous fusion of small vesicles occurs, as illustrated in Fig. 3͑d͒ . Finally, when these aggregates come together, a larger oblate vesicle appears ͓Fig. 3͑e͔͒.
As mentioned in the paragraph above, when the expression for the shape factor fulfills the inequality 1 2 Ͻ P Յ 1, bilayer structures are formed. These bilayer structures appear as disklike aggregate or vesicle depending on which structure adopts the lowest energy. Figure 4 shows the conservative energy regarding the amphiphilic triblock copolymers during the time evolution of a vesicle with a AS = 25.0, a BS = 110.0. During the process of vesicle formation, the conservative energy diminishes by 1.5-1.6 k B T. It is confirmed that the vesicles are formed through the bilayers to minimize the hydrophobic interaction energy between the amphiphilic triblock copolymers and solvents.
The energy associated with spherical deformation relative to a flat disklike fluid membrane of equal area with a radius of R can be written as a function of the shape parameter that ranges from 0 for a flat disklike membrane to 1 for vesicles, according to the result described by Fromherz,
where V f = ͑R␥͒ / ͑4͒ is the vesiculation index, which is essentially the ratio of line energy to bending energy of the membrane, hence denoting the relative stability of disks and vesicles; for 0 Ͻ V f Ͻ 1, disks are more stable than vesicles. The coexistence of disks and vesicles is attained for V f =1, disks are metastable for 1 Ͻ V f Ͻ 2, and for V f Ͼ 2, disks are unstable and can transform to vesicles spontaneously. Under the constraint of fixed radius R of the stable flat disklike membrane, these minimal shapes depend only on two dimensionless parameters: bending rigidity and linear tension ␥. Suppose there is a stable flat membrane, and we have the prediction that 0 Ͻ V f Ͻ 1. V f is enhanced by the growth of the linear tension ␥ through reducing the hydrophilicity of the hydrophilic block. Once the value of V f Ͼ 2, the disk will spontaneously transform into a vesicle. As for a given area, the disk radius will be twice the vesicle radius, and therefore, the balance between the line tension and bending energy defines a minimum aggregate number corresponding to the "minimal vesicle size," 63 R V = ͑8͒ / ␥. It is evident from the above formula that vesicles will preferentially appear in a system for which the bilayer bending elasticity is low, and the surface tension is high. The disk will spontaneously transform into a vesicle by the growth of surface tension ␥ through reducing the hydrophilicity of the hydrophilic block and/or by decreasing the bending elasticity with the reduc- tion in hydrophobicity of the hydrophobic block. On the other hand, the bending energy will increase with the increase in hydrophobicity of the hydrophobic block, inducing a lowering of V f . Although we observed that a fluid membrane can spontaneously form a vesicle, the fluid membrane is stable toward the closure of vesicles due to their small size in a larger a BS . However, they will grow, and once the disk size R reaches V f Ͼ 2, the disk will spontaneously transform to a vesicle. Indeed, we observed that the disk size R increases continuously and significantly when we increase the repulsive parameter a BS . An alternate vesicle-forming process in our amphiphilic triblock copolymers is obtained when we increase the repulsive parameter a BS from 50.0 to 110.0, as shown in Fig. 5 , together with the video clip S3 in the supplemental material section. 61 In this case, vesicle formation is still initiated by the formation of spherical micelles ͓Fig. 5͑a͔͒. Aggregation of these spherical micelles leads to merging into oblate micelles ͓Fig. 5͑b͔͒. The sizes of the oblate micelles then grow ͓Fig. 5͑c͔͒. Next, the larger oblate micelle encapsulates solvent particles and changes its shape to a bowl-like structure ͓Fig. 5͑d͔͒. Finally, a spherical vesicle is spontaneously formed ͓Fig. 5͑e͔͒.
IV. CONCLUSION
In this paper, we investigated the microstructures assembled from amphiphilic triblock copolymers in selective solvents using the DPD approach. The selectivity of solvents is confirmed to be a key factor that determines copolymer aggregation morphologies. Different pathways observed in the formation of these complex morphologies is useful in explaining how these aggregates are formed from research. The findings are very interesting; the potential mechanism behind the formation of these complex micelles may be helpful in explaining how these aggregates are formed and in understanding the self-assembly behavior and dynamics of amphiphilic block copolymers.
